We report the isolation and characterization of a putative angiotensin converting enzyme (ACE) in Drosophila, called Race. General interest in mammalian ACE stems from its association with high blood pressure; ACE has also been implicated in a variety of other physiological processes including the processing of neuropeptides and gut peristalsis. Mammalian ACE is a membrane associated zinc binding protease that converts angiotensin I (A I) into angiotensin II (A II). A II functions as a potent vasoconstrictor by triggering a G-coupled receptor system in the smooth muscles that line blood vessels. Drosophila Race is composed of 615 amino acid residues, and shares extensive sequence identity with mammalian ACE over its entire length (over 42% overall identity and greater than 60% similarity). Evidence is presented that Race might correspond to a target of the homeobox regulatory gene, zerknuflt (Zen). Soon after zen expression is restricted to the dorsal-most regions of the embryonic ectoderm, Race is activated in a coincident pattern and becomes associated with the amnioserosa during germ band elongation, shortening and heart morphogenesis. After germ band elongation, Race is also expressed in both the anterior and posterior midgut, where it persists throughout embryogenesis. Race expression is lost from the dorsal ectoderm in either zen-or dpp-mutants, although gut expression is unaffected. P-transformation assays and genetic complementation tests suggest that Race corresponds to a previously characterized lethal complementation group, 1(2)34Eb. Mutants die during larval/pupal development, and transheterozygotes for two different lethal alleles exhibit male sterility. We propose that Race might play a role in the contractions of the heart, gut, or testes and also suggest that Hox genes might be important for coordinating both developmental and physiological processes.
Introduction
Colinear clusters of Hox genes are conserved among a disparate array of higher eukaryotes, from C. elegans to humans (reviewed by McGinnis and Krumlauf, 1992; Kenyon, 1994) . In an effort to determine how these genes control development, a number of Hox target genes have been identified and characterized. These include secreted growth factors such as Wnts (reviewed by Siegfried and Perrimon, 1993; Moon, 1993) and BMPs (reviewed by Hoffmann, 1992; Burt and Law, 1994) . The best example of a Hox-growth factor interaction in-volves Ultrabithorax (Ubx) and decapentaplegic (dpp) (van Dijk and Murre, 1994; Chan et al., 1994; Capovilla et al., 1994; Immergluk et al., 1990; Panganiban et al., 1990; Reuter et al., 1990) . Ubx coordinates the morphogenesis of cuticular pattern elements in the posterior thorax and anterior abdomen (parasegment-PS-7) (Lewis, 1978) . It is also expressed in the PS7 region of the visceral mesoderm that surrounds the gut epithelium of midstage embryos (Immergluk et al., 1990; Panganiban et al., 1990; Reuter et al., 1990) . Ubx influences gut morphogenesis by activating dpp, which induces the gut to express localized regulatory genes such as labial (lab) (Tremml and Bienz, 1992) .
In the present study we describe a putative target of the homeobox gene, zerknullt (Zen) . zen is located between the homeotic selector genesproboscipedia (pb) and Deformed (Dfd) in the ANT-C (Kaufman et al., 1990; Rushlow and Levine, 1990 ). The mammalian paralogous Hox genes 1.5, 2.7 and 4.1 are equally related to pb and zen (see McGinnis and Krumlauf, 1992) . zen is not a homeotic gene and does not participate in anteroposterior patterning. Instead, it plays a critical role in dorsoventral patterning and controls the differentiation of the amnioserosa, a derivative of the dorsal ectoderm (Kaufman et al., 1990; Rushlow and Levine, 1990) . zen is expressed in dorsal regions of early embryos, prior to cellularization. It is activated by one or more ubiquitously distributed regulatory factors, but excluded from ventral and lateral regions by dorsal (dl), a maternally expressed member of the Rel family (Kirov et al., 1993; . dl is distributed in a broad concentration gradient in precellular embryos, with peak levels present in ventral regions and progressively lower levels in lateral and dorsal regions (Rushlow et al., 1989; Steward, 1989; Roth et al., 1989) . dl functions as both a transcriptional activator and repressor. It activates target genes in ventral and lateral regions that are important for the differentiation of mesodenn and neuroectoderm, respectively (Thisse et al., 1991; Jiang et al., 1991; Ip et al., 1992; . dl also represses genes such as zen and dpp, thereby restricting their expression to dorsal and dorsolateral regions of precellular embryos (Kirov et al., 1993; Huang et al., 1993) . Peak levels of dpp activity in dorsal regions are required for the maintenance and relinement of the zen expression pattern in the presumptive amnioserosa during cellularization (Rushlow and Levine, 1990; Ray et al., 1991) . Zen-dpp interactions might be important for the subsequent activation of amnioserosa-specilic target genes.
In an effort to determine how a Hox transcription factor interacts with a secreted growth factor to control cell fate we have undertaken a search for early zenldpp target genes. Here we present a molecular and genetic characterization of one such gene, called Race (Related to Angiotensin Converting Enzyme). It is activated in cellularizing embryos, at the time when zen expression becomes restricted to the presumptive amnioserosa. Race expression is sustained in the amnioserosa during germ band elongation and retraction. After retraction, Race-expressing cells become intimately associated with the dorsal vessel (heart). It is also expressed in the anterior and posterior midgut rudiments after the completion of germ band elongation. Race expression is lost from the presumptive amnioserosa in dpp-and zenmutants, although expression is not affected in the gut. Race encodes a putative secreted zinc binding protease that shares extensive sequence identity with the human angiotensin converting enzyme (ACE) (Soubrier et al., 1988) . The Race protein is composed of 6 15 amino acid residues (AAs) and shares 43% identity with the testicular form of human ACE (Kumar et al., 1991) over its entire length, Mammalian ACE converts angiotensin I into angiotensin II, which is a potent vasoconstrictor (reviewed by Hooper, 1991) . ACE inhibitors are widely used for controlling high blood pressure and heart disease; its identification in Drosophila might provide a means for identifying additional substrates and activities. P-tranformation complementation assays suggest that Race corresponds to a previously identified zygotic lethal mutation (1(2)34Eb) (O'Donnell et al., 1977; Woodruff and Ashburner, 1979) , which is located within the well-characterized alcohol dehydrogenase (Adh) region of the Drosophila genome (34DE cytogenetic interval) (Ashburner et al., 1990) . Race mutants do not cause obvious embryonic patterning defects, but their death during larval development suggests that the gene might play a role in physiological processes such as contractions of the heart, gut, or testes.
Results

Sequence of a Drosophila ACE homologue
A fortuitously isolated cDNA clone from a 4-8 h embryonic library (Brown and Kafatos, 1988) was found to exhibit an interesting pattern of expression, suggesting that it might correspond to a zenldpp target gene (see below). The cDNA is 2 kb, and probably represents a full-length transcript since it is about the same size as the most abundant RNA detected in Northern assays (see below). The entire 2,027 bp nucleotide sequence of the cDNA is presented in Fig. 1 . The first AUG is located at nucleotide #91 and is in-frame with the largest potential open reading frame (ORF), which includes 615 codons and extends to nucleotide #1,935. The first AUG includes neighboring sequences that closely match the Drosophila consensus translation initiation site (Cavener, 1987) . Further evidence that it may represent the bona fide initiating methionine is suggested by the sequence of the first 17 codons of the ORF. These are highly hydrophobic and contain consensus matches to known signal sequences, suggesting that the Race protein might be secreted.
A search of sequence databases with the 615 AA ORF reveals strong homology with the mammalian angiotensin converting enzyme (ACE) (see Hooper, 1991 ). An alignment of the Drosophila sequence with human testicular ACE (Lattion et al., 1989; Langford et al., 1991) , as well as mouse and rabbit somatic ACES (Bernstein et al., 1989; Howard et al., 1990) , is presented in Fig. 2 . The shaded residues represent perfect matches among the fly and mammalian sequences. ACE is a secreted zinc binding protease that is attached to the cell surface through a hydrophobic C-terminal membrane spanning domain (reviewed by Hooper, 1991) . Somatic forms of mammalian ACE contain two highly divergent copies of a zinc binding catalytic center. Both domains appear to possess protease activity, with the one contained in the carboxyl (C) half of the protein responsible for converting angiotensin I into angiotensin II. Human testicular ACE corresponds to the C half of the somatic/endothelial ACE and there is evidence that both ACES arise from a single gene (Lattion et al., 1989 ). Drosophila Race is most similar in overall structure and sequence to the testicular form of human ACE, in that it contains only one catalytic domain. Race contains 2601615 identical matches (42% identity) with human testicular ACE, and is particularly well conserved in the 90 AA region containing the zinc binding domain (69% identity). The C-terminal sequences of the fly and human proteins are rather divergent, raising the possibility that the fly protein is not anchored to the plasma membrane. The Race sequence reported here almost certainly corresponds to a partial Drosophila ACE sequence described previously (Cornell et al., 1993) .
Race expression pattern during Drosophila developmen t
Developmental Northern assays were done to determine the timing of Race expression during the Drosophila life cycle (Fig. 3) . Race transcripts are not detected in ovaries, suggesting little or no maternal expression (see below). A 2 kb transcript is first detected in O-4 h embryos; the levels of this transcript steadily increase during the first half of embryogenesis, and are sustained for the duration of larval development. Strong expression is also detected in pupae and adults. A minor 4 kb transcript is transiently expressed between 4 and 12 h after fertilization. It is unclear whether this embryospecific RNA represents an mRNA or unprocessed precursor RNA. Extensive screening of a 4-8 h embryonic cDNA library (Brown and Kafatos, 1988) failed to identify cDNAs larger than 2 kb.
In situ hybridization assays were done to determine the sites of Race expression during embryogenesis (Tautz and Pfeifle, 1989; Jiang et al., 1991) . A digoxygenin-labeled antisense RNA probe was prepared using the 2 kb cDNA as a template. Expression is first detected during cellularixation, approximately 150 min after fertilization (Fig. 4, A and B) . At this time staining is most intense in two anterior dorsal patches, which correspond to the anterior regions of the amnioserosa primodium (Campos-Ortega and Hartenstein, 1985) . During gastrulation and the rapid phase of germ band elongation Race expression becomes uniform in the differentiating amnioserosa (Fig. 4, C and D) . This staining persists after the completion of elongation and during germ band shortening (Fig. 4, E and F) . Expression also appears in the anterior and posterior midgut rudiments after germ band elongation, and persists during shortening.
In advanced stage embryos Race is primarily expressed in the epithelial cells of the anterior and posterior midgut, as well as pericardial cells associated with the dorsal vessel. These sites of expression suggest that Race might play a role in the rhythmic contractions of the 9.5 -7.5 -4.4 -2.4 -1.4 - Fig. 3 . Developmental Northern assays. Poly(A)+ RNA was isolated from male and female adults, whole ovaries, various embryonic stages, mixed larvae and pupae (the numbers above the autoradiogram indicate embryonic stages in hours after fertilization). The RNAs were fractionated on an agarose-formaldehyde gel and hybridized with the 2 kb Race cDNA probe after transfer to a membrane. The predominant RNA species is about 2 kb in length and reaches peak expression during the midpoint of embryogenesis (8-12 h after fertilization). Strong expression is maintained during larval, pupal, and adult stages. The lack of a hybridization signal in the ovary sample suggests that there is little or no maternal expression. Embryo in situ hybridizations suggest that the gene is first expressed about 3 h after fertilization (see Fig. 4 ). A larger (about 4 kb), embryo-specific RNA is detected from 4 to 12 h after fertilization. The Race cDNA that was sequenced probably corresponds to the major 2 kb RNA; the structure of the larger transcript is unknown.
heart and/or the peristaltic movements of the gut (see Discussion). The early expression of Race suggests that it might be a target of zen, dpp, or both genes. As an initial means for testing this possibility, the early Race expression pattern was examined in dpp-and zenembryos.
zen mutants show a weak ventralizing phenotype, whereby the dorsal-most cells constituting the aminoserosa primoridium follow a dorsolateral pathway of differentiation and become derivatives of the dorsal epidermis (Arora and Nusslein-Volhard, 1992) . In addition, these mutants lack the optic lobe and fail to undergo head involution (Wakimoto et al., 1984) . There is a complete failure to activate Race expression in the presumptive amnioserosa of zen mutants (Fig. 5A) . Expression never appears in the differentiating amnio- serosa or dorsal vessel, although Race is properly activated in the AMG and PMG after the completion of germ band elongation (Fig. 5B) . As in wild-type embyros, this latter staining persists after the fusion of the AMG and PMG rudiments during germ band shortening.
amnioserosa, but normal staining of the gut (Fig. 5, C  and D) . These results suggest that the Race promoter might contain separate regulatory elements for expression in the amnioserosa and gut.
A virtually identical pattern of Race expression is 2.3. Race encodes an essential gene observed in a"~-embryos (Fig. 5, C 
and D). As for zen
In situ hybridization of Race probes to salivary gland mutants, there is a complete absence of expression in the chromosomes reveals that the gene maps in the 34E in- terval on the second chromosome (data not shown). This region has been subject to particularly intense, saturation mutagenesis screens (Ashburner et al., 1990) . The 34D/E region contains the recessive marker jaunty and includes nine lethal complementation groups (Lindsley and Zimm, 1992) . In order to pinpoint the location of the Race gene within this region, embryos were collected from strains carrying different deficiencies. The embryos were subsequently hybridized with a digoxygenin-labeled Race antisense RNA probe, and those lacking discernible hybridization signals in the amnioserosa and gut were scored as Race-(summarized in Table 1 ). These experiments suggest that Race maps in the 34E3-4 interval. Df(ZL)AdhBR55/Df(2L)b88f32 transheterozygotes lack Race expression and contain breakpoints in 34E3 and 34E2-4, respectively. (2)34Ebz), a lethal complementation group that maps in the 34E3-5 region; TM6, 31d chromosome balancer; w, white; y, yellow.
The most likely candidate for a Race mutation corresponds to the 1(2)34Eb lethal complementation group, which maps in 34E3-5 (O'Donnell et al., 1977; Woodruff and Ashbumer, 1979) . There are two EMS induced mutations in this gene. Homozygotes are lethal, although the heteroallelic combination gives some adults that exhibit male sterility. P-transformation complementation assays were done to determine whether 1(2)34Eb corresponds to Race.
The Race cDNA was used as a probe to screen a genomic DNA library (Goldberg, 1980 (Fig. 6) . A 16.5 kb EcoRI fragment within one of the clones, 4Bl-1, was mapped with restriction enzymes and used for Southern hybridizations with the 2 kb Race cDNA probe. The cDNA sequences map in a 3.5 kb region, suggesting the existence of one or more introns. The 16.5 kb RI fragment includes substantial flanking sequences on both sides of the Race transcription unit, including approximately 10 kb of 5 ' flanking sequence and 2.5 kb of 3 ' flanking sequence. Northern assays identified another embryonic transcript that maps about 4 kb upstream of Race (Fig. 6) .
The 16.5 kb Race RI fragment was inserted in the pCasPeR P-transformation vector (Thummel et al., 1988) . Stable transformed lines were established using standard methods (Rubin and Spradling, 1982) , and a strain carrying the P-transposon on the third chromosome was used for subsequent genetic complementation tests, as summarized in Fig. 6 (C) . Complementation tests were done with the 1(2)34Eb* point mutation (also known as 1(2)br31 D"'2), and Df(2L)AdhBRSS/Df(2L)-b88f32 transheterozygotes which lack sequences in the 34E3-4 region. One copy of the Race P-transposon is sufficient to rescue the recessive lethality associated with both genotypes (Table 2) .
As discussed earlier, the genomic DNA fragment used in the genetic complementation tests contains both Race and a linked transcription unit (see Fig. 6B ). It is conceivable that the lethality associated with the 1(2)34Eb complementation group is not due to disruptions in Race, but is instead associated with the linked transcription unit. To test this possibility, P-complementation assays were repeated with a truncated Race coding sequence terminating at AA #353, which is located just before the putative zinc binding domain of the protein (Hooper, 1991) . This mutagenized Race DNA is identical to the wild-type sequence except for the insertions of a 16 bp oligonucleotide containing stop codons in all possible reading frames. The mutant DNA fails to rescue the recessive lethality associated with the 1(2)34Eb* mutation (see Table 2 ), suggesting that the Race transcription unit, and not the linked gene, corresponds to the 1(2)34Eb lethal complementation group.
Discussion
Evidence is presented that the Drosophila homologue of the mammalian angiotensin converting enzyme (ACE) is an essential gene, which might be involved in the contractions of the heart, gut or testes. The Drosophila gene is extensively conserved, and contains 42% sequence identity along the entire length of the 615 AA protein.
There are large blocks of highly conserved sequences, particularly in the regions containing the putative zinc binding domains and protease catalytic center. The gene is expressed in early embryos, in direct or indirect response to zen and dpp. Given the importance of ACE in mammalian physiology, we propose that Hox selector genes might control both developmental and physiological processes.
Regulation of Race expression
The tight temporal and spatial linkage of the early Race and zen expression patterns suggest that Race might be a relatively direct target of zen activity. There are at least two types of models to account for Race regulation. First, perhaps dpp regulates Race indirectly, solely through its influenceon zen (Rushlow and Levine, 1990; Ray et al., 1991) . Alternatively, it is conceivable that zen and dpp function synergistically to activate Race expression.
The zen and dpp expression patterns are coordinately restricted to dorsal and dorsolateral regions of precellular embryos through repression by the dl gradient (Kirov et al., 1993; Huang et al., 1993) . Subsequently, zen expression becomes progressively localized to the dorsal-most cells that will form the aminoserosa (Rushlow and Levine, 1990 ). This refinement process is quite complex and probably involves cell-cell interactions. dpp+ activity is important for maintaining zen expression during refinement, and there is a severe premature loss of the zen pattern in dpp-mutants (Rushlow and Levine, 1990; Ray et al., 1991) . A gradient of dpp activity is established in early embryos, with peak activity in the dorsal-most regions that differentiate into the amnioserosa (Ferguson and Anderson, 1992a,b; Wharton et'al., 1993) . There is progressively lower activity of dpp in dorsolateral and lateral regions. Peak dpp activity might result in the activation of zen through the modification of one or more pre-existing, inactive transcription factors. Once the zen protein is localized to the presumptive amnioserosa at the completion of cellularization, it might directly regulate the Race promoter. Previous transient cotransfection assays in Drosophila Schneider cells indicate that zen can function as a potent sequencespecific transcriptional activator . Since both dpp and zen activities are lost in dppmutants (Rushlow and Levine, 1990; Ray et al., 1991) it is unclear to what extent zen can regulate Race in the absence of dpp+ activity. Perhaps zen is sufficient to activate Race, or alternatively, the dpp signaling cascade might modify one or more factors ("X"), which function synergsitically with zen on the Race promoter. An intriguing possibility is that the dpp pathway leads to the modification of zen itself, so that it can function as an even stronger transcriptional activator.
The Race genomic DNA fragment that rescues the recessive lethality associated with mutations in the 34E3 region contains only -4 kb of 5 ' flanking sequence. Assuming that the early, Zen-dependent pattern of Race expression is essential for viability, then it is possible that the bulk of the regulatory sequences controlling Race expression are present in this interval. The characterization of this region might reveal how zen and dpp work together to initiate the differentiation of the amnioserosa. Growth factor-Hox interactions are a recurring theme in many developmental systems (reviewed by Krumlauf, 1994; Davidson, 1993) . As mentioned earlier, Ubx-dpp interactions are important for inductive interactions between the visceral mesoderm and gut epithelium (Immergluk et al., 1990; Panganiban et al., 1990; Reuter et al., 1990) . In addition, expression of the engrailed (en) homeodomain protein in the posterior compartment of imaginal disks leads to the activation of hedgehog (hh) (Tabata and Komberg, 1994) , which in turn signals neighboring cells in the anterior compartment to activate either wingless (wg) or dpp (Basler and Struhl, 1994) . The colocalization of zen and dpp in dorsal regions of early embryos suggests an intimate link between these two factors.
Race function
Mammalian ACE has been subject to intense scrutiny due to its association with high blood pressure in humans (reviewed by Hooper, 1991) . The somatic form of ACE is broadly expressed in many different tissues, including the endothelial lining of blood vessels. ACE bound to the endothelial surface converts the inactive 10 AA peptide angiotensin I into angiotensin II by cleaving the C-terminal 2 AA residues. The 8 AA angiotensin II peptide is a potent vasoconstrictor. It is thought to interact with a G-coupled receptor system on the surface of the smooth muscles associated with blood vessels and mediate their constriction, thereby increasing blood pressure (e.g., Dasarathy and Fanburg, 1991) . ACE also increases blood pressure by inactivating bradykinin, which is a vasodilator (reviewed by Ondetti and Cushman, 1982) . The complex tissue distribution patterns of mammalian ACES, as well as their broad range of substrate activities based on in vitro protease assays, raises the possibility that this enzyme is involved in many physiological processes, including gut peristalsis and the processing of neuropeptides (Nonotte et al., 1993; Barnes et al., 1993) . Particularly pertinent to this discussion is the fact that the exact function of the testicular form of ACE is unknown.
The expression of Race in the amnioserosa, and its persistence during heart development, suggests that it might play a role in the rhythmic contractions of the heart. In addition, Race is expressed at high levels in the gut epithelium, suggesting that it might provide a signal to the overlying visceral musculature during peristalsis. The lethality associated with point mutations in the 1(2)34Eb complementation group indicates that Race possesses an essential function. However, these mutants exhibit normal patterns of embryogenesis, including proper differentiation of the amnioserosa, heart and gut (data not shown). Mutant embryos survive at normal levels and hatch into larvae, although there is a subsequent failure in pupation (K. Tatei and M. Levine, unpublished results). Heteroallelic combinations of the two lethal 1(2)34Eb mutations show occasional adult survivors (Lindsley and Zimm, 1992) . Interestingly, these exhibit male sterility, raising the possibility that Race might play a role in testes function, such as contraction of the ejaculatory bulb.
Because the Race sequence is strongly conserved, particularly in the putative zinc binding and catalytic domains, it is quite likely that it functions as a secreted protease. Whether it possesses the same type of substrate specificity as mammalian ACE is currently unknown. Future studies will determine whether other components of the ACE-angiotensin signaling pathway are conserved in Drosophila.
Materials and methods
DNA sequencing
The full-length Race cDNA was cloned into the pBluescript vector KS-(Stratagene) and its nucleotide sequence was determined by subcloning various sub-fragments into the pGem7Zf+ vector (Promega). Sequencing was done with a T7 kit (Pharmacia) and the Sequenase kit (U.S. Biochemical) using double stranded DNA templates. Each region of the cDNA was sequenced more than once.
In situ hybridization
Embryo hybridizations were done with a dioxygeninlabeled Race cDNA antisense RNA probe exactly as described by Jiang et al. (1991) , based on the method developed by Tautz and Pfeifle (1989) . The full-length 2 kb cDNA template was used to prepare the antisense RNA probe.
Northern assays
Northern hybridizations were done essentially as described previously (Ip et al., 1993) . Total RNA was extracted from embryos, larvae, pupae and adults by homogenizing tissues in a solution containing 6 M urea + 3 M LiCl. RNA was pelleted from crude homogenates by centrifugation and resuspended in a solution containing 25 mM EDTA + 1% SDS. The RNA was extracted with phenol and phenolchloroform, and pelleted after ethanol precipitation. Poly(A)+ RNA was selected on oligo(dT)-cellulose columns (purchased from Collaborative Research, Inc.). Aliquots containing 15 pg of poly(A)+ RNA from each sample were electrophoresed on a 1% agaroseformaldehyde gel and subsequently transferred to a GeneScreen plus membrane (DuPont). The entire 2 kb Race cDNA was used as a hybridization probe after labeling with 32P via random priming. Hybridization, washes and autoradiography were done exactly as described by Ip et al. (1993) .
P-transformation assays and fly strains
The full-length Race cDNA was used as a hybridization probe to screen a genomic DNA library (Goldberg, 1980) . The pCasPeR-AUG-1acZ vector (Thummel et al., 1988) was digested with XbaI, blunted and ligated with an EcoRI linker sequence. The modified plasmid was digested with a mixture of XbaI and EcoRI in order to excise the &galactosidase coding region. The 16.5 kb Race genomic EcoRI fragment was inserted into the unique RI site of the modified pCasPeR vector and used to inject yw67c23 embyros using standard methods (Rubin and Spradling, 1982) . Genetic complementation assays were done as outlined in Fig. 6C .
Embryos were collected from zenw36 and dppHin3' balanced stocks, and hybridized with a digoxygeninlabeled Race antisense RNA probe, as described above. Hybridizations were also done with embryos collected from each of the deficiency stocks listed in Table 1 . All of these strains, as well as 1(2)34Eb mutants used in the experiments outlined in Fig. 6C are described by Lindsley and Zimm (1992) .
